To understand the microbial community characteristics and denitrification status in coastal water ecosystem of Bohai Bay, China, the bacterioplankton from six representative stations were collected in September 2016, and the bacterial community and abundance of nir-encoding denitrifying bacteria were studied by 454-pyrosequencing and real-time quantitative PCR (qPCR), respectively. The results showed that the Shannon index of the bacterial community ranged from 4.86 to 5.56. The bacterial composition and their relative abundance varied significantly among the bacterial libraries from the six water samples. Proteobacteria was the largest phylum in the six samples varying between 63.19% and 77.34%. α-proteobacteria was the most abundant class in the W4 station with 46.09%, while γ-proteobacteria was the most abundant class in other five stations ranging from 36.39% to 60.58%. The qPCR results showed that the nirS gene abundance ranged from 2.26×10 7 copies/L to 9.63×10 7 copies/L, while nirK gene ranged from 1.01×10 6 copies/L to 2.09×10 7 copies/L, indicating that both of them played important roles during the denitrification of the local coastal water. Furthermore, the nirS abundance in each station was significantly higher than that of nirK, suggesting that the functional genes nirS played more important role than nirK in reduction process of nitrite (NO2 -) to nitric oxide (NO). Canonical correspondence analysis (CCA) results indicated that petroleum, arsenic (As), chromium (Cr), lead (Pb) and cadmium (Cd) had significant effects on the distribution of bacterial community. In contrast, the key factors regulating the nirS and nirK gene abundances included nitrate (NO3-N), phosphate (PO3-P), chlorophyll a (Chla), As and Cd.
I. INTRODUCTION
Microbes play key roles in the functioning of marine ecosystems, such as in the process of environmental detoxification, recycling of organic material to benthic food webs and biogeochemical cycles [1] [2] [3] . In order to understand microbial process underlying in coastal ecosystem, examining the entire microbial structure and diversity is an important step. Culturing methods have proven to be uncertain for the complete characterization of microbial population, since they yield only a small fraction of the microorganisms in the studied region [4] [5] . Development of molecular techniques has made it possible to obtain information of the microbial population structure in ever more detail without the need to cultivate the microbial population. The microbial population composition can be determined by direct nucleic acid extraction and identification of the microorganisms by analysis of the 16S rRNA genes [6] . Next generation sequencing technology (454-pyrosequencing) has given more complete information about microbial communities due to its capacity to identify a greater number of sequences than traditional DNA approaches [7] [8] . Recently it has been used to reveal the characterization of complete microbial communities in all kinds of environments [9] [10] [11] .
Denitrification is the key process regulating the removal of bioavailable nitrogen (N) from natural and human-altered systems [12] , and thus can potentially reduce the impacts of increased N loading in the coastal region [13] [14] [15] [16] . The second step in denitrification, the reduction of NO2to nitric oxide (NO), is catalyzed by two different types of nitrite reductases (NIR), either a cytochrome cd1 encoded by the nirS gene (nirS denitrifiers) or a Cu-containing enzyme encoded by the nirK gene (nirK denitrifiers). Since denitrifiers are widespread among taxonomically diverse microorganisms [17] , NIR is used widely as a marker indicating the presence of denitrifying bacteria [18] [19] . In the last decade, real-time quantitative PCR (qPCR) has become a powerful tool in microbial ecology as this approach allowed the quantification of selected functional genes in different environments [20] [21] [22] .
Bohai Bay is located in the western region of the Bohai Sea, China, that is a typical semi-enclosed interior sea (38°00′-39°15′ N and 117°30′-119°15′ E). The surrounding Bohai Sea area has now become one of the most populous and economically developed regions. And it is now one of the regions with the developed culture and education, and the advanced science and technology and industrial base. To our knowledge, most of the investigations and studies for the coastal water in Bohai Bay have mainly focused on contaminants such as metal and persistent organic pollutants [23] [24] , and marine organisms such as plankton, macrobenthos [25] [26] . The studies about microorganism in the Bohai Bay have been limited [27] [28] . Moreover the entire microbial communities in coastal water of Bohai Bay have not been studied, and only the investigation in coastal sediment has been performed [29] . The detection of predominant groups within bacterial population may be of distinct importance in ecological studies concerning biogeochemical cycles. The bacteria affiliated to different groups can express the peculiar activity with different degrees in a given ecosystem [30] [31] [32] . In addition, in order to highlight their potential biogeochemical functions, the investigation about the denitrifying bacteria based on NIR functional gene was performed since Bohai bay belongs to nitrogen enriched coastal ecosystems [33] . Thus the main objective of this work was to determine in depth the microbial community and detect the denitrifying bacterial abundance using nirS and nirK as gene markers in the coastal water ecosystem of Bohai Bay, China. Furthermore, we also tried to reveal the possible factors shaping the microbial community and nir-encoding denitrifying bacteria.
II. MATERIALS AND METHOD

A. Sample Collection and Environmental Condition Determination
The Bohai Bay is the second largest bay of the Bohai Sea covering an area of about 1.6×10 4 km 2 with an average water depth of 12.5 m. Fig.Ⅰgives the location of the six representative sampling stations (same with Wang et al., 2015) . W1(W4), W2(W5) and W3(W6) was at the 5 m, 10 m and 15 m depth contour, respectively. All of them located near the estuary of the Haihe River that was a main river flowing to this bay. Surface water samples (~0.5 m below the air-water interface) were collected from the six stations in September [18] [19] 2016 , and 500 ml water was filtered as soon as possible through 0.22-µm pore size cellulose acetate membrane (Millipore, Corp) to concentrate the suspended bacteria. The filters were transported on ice back to the lab and stored at -80 ℃ before analysis. The sampling positions were determined using a global positioning system. The temperature (T), dissolved oxygen (DO) and pH in each station were determined on-site using a Multi-parameter water quality meter (YSI, USA). And the salinity was measured in situ using a hand held salinity refractometer (ATAGO CO., LTD, Tokyo, Japan). Replicate subsamples from the surface water (1000 ml) at each station were collected in sulfuric acid-washed (pH<2) plastic sample bottles and transported to the laboratory. The chemical oxygen demand (COD Mn ), total phosphorus (TP), phosphate (PO 3 -P), total nitrogen (TN), nitrate (NO 3 -N), ammonium (NH 4 -N), and nitrite (NO 2 -N) were determined using standard methods [34] [35] . The trace metal concentrations including copper (Cu), lead (Pb), cadmium (Cd) and chromium (Cr) in water samples were analyzed by graphite furnace atomic absorption spectrometry (GFAAS) (Varian, USA), and the concentration of arsenic (As) in aqueous samples was determined by Atomic fluorescence spectrometry (AFS) (Jitian Company, China). Additional replicate subsamples analyzing the chlorophyll a (Chla) were collected by filtering known volumes of water into GF/F glass fiber filters, and then the filters were stored on ice until being frozen in the laboratory. The Chl-a concentration was measured using a spectrophotometric method [35] .
All samples were collected in triplicates and processed for DNA extractions and environmental factors analysis within 2 days of collection.
B. DNA Extraction, PCR and Pyrosequencing
The total community DNA of suspended bacteria on the filter membranes was extracted using the PowerWater® DNA Isolation Kit (Mo Bio Laboratories, Inc., Solana Beach, California, USA) according to the manufacturer's instructions. The PCR, pyrosequencing and data analysis were performed according to Wang et al. (2013 Wang et al. ( , 2015 [27, 29] . All of the sequences generated in this study can be downloaded from the NCBI Short Read Archive, submission number: SRA04770.
C. Real-Time Quantitative PCR
Real-time PCR was carried out in an ABI 7500 with Sequence Detection Software v1.4 (Applied Biosystems) in a reaction mixture of 20 µl. The mixture contained 0.25 µM of each primer, 10 µl of Power SYBR Green PCR master Mix (Applied Biosystems, Foster City, CA), 1 µl of the purified DNA template. Primer pairs modified-cd3aF and -R3cd [19] were used for nirS amplification, and nirK876F and nirK1040R [36] were used for nirK amplification. The double distilled water was used as the negative control. Agarose gel Standard curves were constructed with the plasmid containing insert of respective genes according to Wang et al (2014) . Standards were prepared using serially diluted plasmid DNA with 10 3 to 10 8 gene copies/µl. Standard curves for the nirS and nirK assays were generated by plotting the threshold cycle values versus log10 of the gene copy numbers. The amplification efficiency (E) was estimated using the slope of the standard curve through the following formula: E = (10 -1/slope )-1. The efficiency of the PCR should be between 90% and 110% [37] .
D. Statistical Analysis
The similarity factor (Jaccard index by the Jest calculations, C jaccard ) was obtained by calculating the OTUs distribution structure within the six bacterial communities. The detail was provided in Wang et al. 2015 [29] .
FastTree software (http://www.microbesonline.org/fasttree/) with approximately-maximum-likelihood was used to construct the phylogenetic tree based on the sequences of the top 20 dominant genera in the six water samples. The relationship between the dominant phyla, the population diversity, the abundance of NIR function gene and environmental conditions were analyzed using Canonical correspondence analysis (CCA). Raw data of all the factors were log (X+1) transformed before the analysis. The detailed analysis steps were seen in the literature of Wang et al. 2015 [29] .
III. RESULTS
A. Environmental Conditions of the Sampling Sites
The various factors of the environmental conditions were measured at each sampling site. The T, Salinity, pH, DO in the six stations ranged from 22.5 to 23.6 ℃, 24.7 to 28.7‰, 7.98 to 8.08 and 6.23 to 8.29 mg/L, respectively. The smallest value of COD Mn (2.75 mg/L) presented at W3 site, while the largest (3.79 mg/L) presented at W1 site. The TP, PO 3 -P varied between 0.056 and 0.081 mg/L, 0.017 and 0.028 mg/L, respectively. The TN, NO 3 -N, NO 2 -N and NH 4 -N ranged from 2.803 to 3.428 mg/L, 0.067 to 0.397 mg/L, 0.021 to 0.120 mg/L and 0.005 to 0.031 mg/L, respectively. The Chla varied between 2.896 and 9.551 µg/L. The five trace metals ranged from 2.97 to 5.47 µg/L for Cu, 3.36 to 5.66 µg/L for Pb, 0.72 to 1.63 µg/L for As, 0.09 to 0.13 µg/L for Cd and 0.25 to 0.91 µg/L for Cr, respectively.
B. Diversity of the Bacterial Communities
After quality filtering, a total of 74,850 high quality 454 reads corresponding to 7038 OTUs at 97% similarity threshold were obtained. Then these OTUs were used to calculate richness and diversity of the microbial communities (Table I) . At 3% dissimilarity, the non-parametric richness indices of chao and ace were evaluated. And they showed similar comparative trends in predicting number of OTUs for each sample. Sample from W3 station had the highest richness (ace=2544, chao=2178), while sample from W1 had the lowest one (ace=1600, chao=1404). The Shannon diversity index provides not only the simply species richness (i.e. the number of species present) but how the abundance of each species is distributed (the evenness of the species) among all the species in the community. The most diverse bacterial population was observed in the water sample from station W6 (Shannon=5.56), and the least was from station W1 (Shannon=4.86). We obtained 892-1345 OTUs among the 6 samples at a 3% distance, respectively. The coverage ranged from 95.56 to 96.65%. The Simpson index varies between 0.0117-0.0371 with the largest value for W4 site and the lowest one for W6 site. At a 3% distance, the sequences from the six water samples were classified from phylum to species according to the Mothur program by the default setting [38] . The taxonomic results of the six stations at phylum, class, genus and species levels varied. Total 18, 18, 19, 22, 17, 14 phyla and 33, 33, 41, 40, 35, 31 classes were observed from the W1, W2, W3, W4, W5 and W6 sites, respectively. While 184, 199, 212, 211, 196, 201 genera and 181, 146, 294, 260, 260, 254 species were observed from the above six stations in order, respectively. In addition, a large proportion of unclassified representatives in the different phylum, class and genus were contained in the OTUs retrieved from the six samples. The abundances of the unclassified representatives were defined as the percentage of the unclassified species sequences in total effective bacterial sequences in the samples using SILVA databank. About 0.03-0.61% at phylum level, 1.09-4.57% at class level and 12.31-35.43% at genera level could not been classified successfully. The functions of these unclassified representatives in the investigated zones should been studied further.
The phylogenetic classification of sequences at phylum and class levels from the six coastal water samples was summarized in Fig. II . Proteobacteria (63.19~77.34%) was the largest phylum among all the six investigated samples, and other phyla including Bacteroidetes, Cyanobacteria and Actinobacteria was more than >1% in all of the six libraries (Fig. II a) .
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γ-proteobacteria was the most abundant class in W1, W2, W3, W5 and W6 stations with the percentage of 52.75%, 60.58%, 42.81%, 36.39% and 38.97%, respectively. In contrast, α-proteobacteria was the most abundant class in the W4 station with 46.09%. Other classes with percentage >1% in all the six libraries included Flavobacteria (Fig. II b) . A phylogenetic tree was constructed based on the 16S rRNA gene sequences of the top 20 dominant genera at the six libraries (Fig. III) . It showed that there were three main clusters which affiliated with α-proteobacteria, Bacteroidetes and γ-proteobacteria, respectively.
Among the predominant genera, Pseudoalteromonas has the largest abundance in the W1, W2, W3 and W6 stations accounting for 23.02%, 31.71%, 16.84% and 10.34%, respectively. In contrast, Rhodobacteraceae_uncultured was the most abundant genus in the W4 and W5 stations (Fig. III) .
C. Detection of nirS-and nirK-encoding Denitrifying Bacteria
The abundances of denitrifying bacteria were assessed by targeting the nirS and nirK functional genes of denitrification pathway. The concentrations of environmental DNA sample were calculated based on the standard curves. The efficiency of PCR amplification of nirS and nirK genes was 96% and 101%, respectively. The results showed that nirS gene abundance in the coastal water ranged from 2.26×10 7 copies/L to 9.63×10 7 copies/L, while nirK gene ranged from 1.01×10 6 copies/L to 2.09×10 7 copies/L (Fig. IV) . The W4 station had the largest abundance for both nirS and nirK genes, which was slight larger than those in the W1 station. In contrast, W3 had the minimum of nirS and nirK. Fig. V a was the CCA results between the dominant phylum abundance and the physicochemical parameters. It showed that axis 1 was affected significantly by petroleum, As and Cr with correlation coefficient (F) = 0.8392, 0.6804, and -0.7461, respectively. While axis 2 was affected obviously by Pb and Cd with F = 0.8565 and 0.8018, respectively. The CCA biplot showed that Firmicutes was located in a positive direction of axis 1, thus this organism was related positively to petroleum and As, and negatively to Cr. BD1-5 was located in a negative direction of axis 2, so these organisms were related negatively to Pb and Cd. Most of the other bacterial phyla were grouped close to the biplot center indicating relatively weak effect of the studied environmental factors on them. Fig.Ⅴb was the CCA results between the Shannon index, abundance of denitrifying functional genes and environmental variables. The variables that correlated most strongly with CCA 1 were NO3-N, Chla, As, Cd and Cr (F=-0.8802, -0.6713, -0.8467, -0.7133, and 0.5231, respectively), whereas PO 3 -P (F=0.7895) correlated best with CCA 2 (Fig.Ⅴb) . The CCA biplot showed that nirS was located in a positive direction of axis 1, thus nirS-encoding denitrifiers were negatively to NO3-N, Chla, As and Cd. nirK was located in a negative direction of axis 1, so nirK-encoding denitrifiers were related positively to NO3-N, Chla, As and Cd. It also suggested that there was a significant correlation between Cr and nirS gene abundance (ANOVA, two-tailed test, p<0.01). 
D. The Results of CCA
IV. DISCUSSION
A. Comparative Analysis of Bacterial Communities and
Denitrifying Bacteria Not only the study of microbial ecology but also direct metagenomic detection in environmental samples have been revolutionized by pyrosequencing technology. High-throughput sequencing approach is unbiased and makes it possible to detect the bacterial community structure in depth [39] . Here we used pyrosequencing to detect the bacterial community in the coastal water of the Bohai Bay, China. The results showed that pyrosequencing allows the detection of microorganisms that are not part of the dominant community such as Pseudobutyrivibrio (only be observed in W2 station with one OTU) and Pusillimonas (only be observed in W4 station with one OTU). These minor microorganisms may contribute to some particular role in the biogeochemical process. The results indicated that a variety of population compositions were detected at the different taxonomic levels (Fig. II, Fig. III ). Furthermore, a large of unclassified representatives was also detected and their percentages increased with the depth of classification (Fig. II) . In the previous studies, pyrosequencing could obtain higher diversity at the phylum level comparing with the results based on Sanger sequencing based analysis of 16S rRNA gene clone libraries [40] . Therefore pyrosequencing offered the ability to detect more unknown and low abundance sequences than traditional clone library approaches, which should assist in the discovery of new species. The sheer number of sequences generated by pyrosequencing was able to ensure that traces of microorganisms that composed only a minor portion of the population were not missed.
At the different taxonomic levels, distinct differences were observed in composition and their relative abundance among the six bacterial population (Fig. II, Fig. III) . For instance, phylotypes belonging to the phylum Firmicutes accounted for 14.17% of the phylotypes in station W1, while in other five stations they accounted for only between 0.13% and 1.03%. Bacilli comprised 14.14% of the phylotypes at class level in station W1, while in other five stations they comprised less than 1.00%. Phylotypes belonging to the genus Halomonas accounted for 5.40% in station W6, whereas they accounted for only 0.09% in station W4, 0.29% in station W3, 0.41% in station W2, 0.78% in station W1 and 1.01% in station W5. In addition, the differences of six bacterial population compositions were identified using hierarchical cluster analysis. There were two clusters ( Fig. VI) . It showed that the bacterial communities in the W1, W2, W3 and W4 stations were clustered together, suggesting a similar population structure among the four samples. While the bacterial population at the W5 and W6 stations were clustered together, indicating a similar community structure between the two stations. The two clusters were obvious separated from each other, indicating that there were significant distinctions in the population composition between the two clusters. Furthermore, the results suggest that there were not significant relationship between the bacterial community and the depth contour ( Fig. I and Fig. VI) .
B. The Relationship between the Bacterial Communities and Environmental Factors
The bacterial community composition and their spatial distributions, and nir-encoding nitrite-reducing bacterial assemblages might be influenced by a variety of environmental factors, such as nutrients and some contaminants. CCA analysis of mainly dominant representatives and nir-encoding denitrifiers in response to environmental variables confirmed this suggestion (Fig. V) . Here the key factors controlling the predominant species included petroleum, As, Cu, Pb and Cd. And the Firmicutes and BD1-5 were the more sensitive representatives (Fig. V a) . The key factors controlling the abundance of nir-encoding denitrifying bacteria included NO3-N, Chla, As, Cd and Cr. The nirS-encoding denitrifiers seem to be more sensitive to trace metal Cr than nirK-encoding denitrifiers. The results also suggested that nirK-encoding denitrifiers tended to be present in the surface water with higher NO3-N concentration, while nirS-encoding denitrifiers tended to be present in the surface water with lower NO3-N concentration (Fig. V b) . The correlation between nirK gene abundance and NO3-N was stronger than that between nirS gene abundance and NO3-N. Therefore the nirK denitrifiers were more sensitive to the changes of NO3-N concentration than nirS denitrifiers. The above results were in agreement with that of Kandeler et al. (2006) [19] and Bárta et al. (2010) [45] . These differences in the distribution of bacteria containing nirS and nirK confirmed the previous studies that both types of denitrifiers clearly occupy different ecological niches [46] .
In CCA biplot, Shannon was distributed in one quadrant by itself, while all of the environment factors were not distributed in the same quadrant, indicating that Shannon has slight dependence on the investigated environmental variables (Fig.  Ⅴb) . The results suggested that the environmental pressure did not make bacterial population diversity occur a clear shift. In ecological systems, some species that is very sensitive to some environmental factors would occur a shift. However, population diversity has the potential to recover to that of an undisturbed state once the stressor disappears, although some population members may have changed [47] . Therefore in a long-term and cumulative polluted system, diversity has not been shown to be a good indicator of ecosystem stress since it can recover because of divergence and proliferation of tolerant species [48] .
Coastal water contamination by petroleum and trace metals is a major environmental problem faced by many anthropogenically impacted aquatic environments. Microorganisms contact with their inhibiting environment intimately, and are very sensitive to contaminants [49] [50] . So they can respond rapidly to environment perturbations. Some significant shifts of the composition and distribution in the microbial population that chronically exposed to petroleum have reported widely [51] [52] . Some metals such as Cu and Zn may be toxic at higher concentrations for microorganisms, but they are also essential micronutrients [53] . Cu is also an important micronutrient, since some denitrifiers required copper for nitrite reductase [54] . Here Cu has the slightest effect (F= 0.4483) on the distribution of the predominant representatives among the concerned five trace metal, and followed by Cr (F= -0.7461). While Pb (F= 0.8565), Cd (F= 0.8018) and As (F= 0.6804) had significant effects (Fig.V a) . In contrast, As (F=-0.8467), Cd (F= -0.7133) and Cr (F=0.5231) had stronger roles for nir-encoding denitrifying bacteria than Cu and Pb. In previous studies, the obvious influence of trace metals on bacterial community structure has been also widely reported in the literatures both in the fields [48, 55] and under the laboratory conditions [56] [57] . Magalhães et al. (2007) indicated that the addition of trace metals stimulated N2O and NO2accumulation in intertidal sandy (Cu, Cr and Cd) and muddy sediments (Cu), demonstrating a pronounced inhibitory effect on specific steps within the denitrification enzymatic system [58] . These results suggested that although some metals are important and essential trace elements, at high concentrations, such as those found in the present coastal water, most can be toxic to microbes. Microbes have adapted to tolerate the presence of metals or can even use them to grow. Thus, a number of interactions between microbes and metals have important significance in environmental implications and monitoring. 
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